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We study electrontransportbetweencappedcarbonnanotubesind a substrateand relatethe transmission
probability to the local densityof statesin the cap.Our resultsshowthat the transmissiorprobability mimics
the behaviorof the densityof statesat all energiesexceptthosethat correspondo localizedstatesin the cap.
Closeproximity of a substratecausesybridizationof the localizedstate.As a result,transmissiorpathsopen
from the substrat¢o nanotubecontinuumstatesvia thelocalizedstatedn the cap.Interferencebetweenvarious
transmissiorpathsgivesriseto antiresonances in the transmissiorprobability, with the minimumtransmission
equalto zeroat energief the localizedstates Defectsin the nanotubethat are placedcloseto the capcause
resonances in thetransmissiorprobability,insteadof antiresonancesiearthelocalizedenergylevels.Depend-
ing onthe spatialpositionof defectstheseresonanstatesare capableof carryingalargecurrent. Theseresults
arerelevantto carbonnanotubebasedstudiesof molecularelectronicsand probetip applications.

I. INTRODUCTION

Characteristideaturesof electronflow throughnanotubes
are relevantto both molecularelectronicsand experiments
using nanotubetips as a probe. In theseapplications,the
nanotubetips canbe cappedor openalongwith appropriate
functionalization if desired. In preliminary studies, Dai
et al.> and Wong et al.? usednanotubetips for high resolu-
tion imaging,andWong et al.> haveextendedheir study to
include functionalizedtips 3 In view of suchstudieswhich
canin principle be extendedto scanningtunnelingmicros-
copy (STM) measurements, is importantto understandhe
natureof electronflow from nanotubeips. Thelargenumber
of possibletopologicalarrangementsf carbonatomsat the
tip of a nanotubeand the possibility of functionalizingtips
makesthe studyof electrontransportaninterestingandnec-
essaryone. Further, nanotubetips have recently been ob-
servedby various authorss~’ and methodsof constructing
capshave beensuggested.To the bestof our knowledge,
electrontransportthrough cappednanotubeshave not been
studied, althoughthe local density of states(LDOS) have
beenstudied®®°In this paperwe studyelectronflow from a
substratdo a nanotubdip, muchlike in an STM experiment
where the nanotubeis the tip. In this particular study, we
restrict the topology of the tip to that of a polyhedralcap.
TheLDOS atthe caphasresonancesorrespondindgo quasi-
localizedstatesasobservedexperimentallyin Refs.5 and6.
In particular, Tamuraet al.® have theoretically shown the
existenceof purely localizedstatesin nanotubeswith poly-
hedral caps.The effect of localized stateson currentflow,
andthe relationshipbetweenlocal densityof statesand cur-
rentflow throughvariouscapatomsareof particularinterest.

Considera nanotubenteractingwith a substrateasshown
in Fig. 1(a). The wave functions of the cap and substrate
overlapdueto their physicalproximity.'° This overlappro-
vides a physical mechanismfor the hybridization of local-
ized and continuumstateswhich causeghe localizedstates
(discreteenergylevels to becomequasilocalizedThe effect
of localizedstateson the transmissiorprobability in general
depends on the natureof interactionbetweenthe localized
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and continuum states.Examplesfrom the literature, which
illustrate this point are a quantumwell with quasilocalized
levels (doublebarrierresonantunnelingdiode anda quan-
tum wire with a stubcontainingquasilocalizedevels!! Con-
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FIG. 1. (a) The CNT-substratesystemis divided into threere-
gions S, D, and L. (b) The potential profile versusposition of a
double barrier resonanttunneling structure. An electron can be
transmittedrrom the continuumstateson the top to the bottom,only
via the localized state (representedy 1) in the well. (c) In the
absencef defects the localizedand continuumstatesin the nano-
tube are decoupled.n this figure, they are shown spatially sepa-
rated for clarity. Coupling betweenthe substrateand cap causes
openingof transportpathswhere an electronincidentin the sub-
stratetunnelsinto and out of the localized statebefore being scat-
teredinto the continuum.This resultsin an antiresonanced) The
presenceof defects(representedby X) in the tube openadditional
transportpathssimilar to thosein double-barrieresonantunneling
structureswith couplingto the substrateand scatteringby the de-
fect acting as the two scatteringcenters[comparewith (b), where
the two scatteringcentersare the barrierd. This transformsthe
transmissiorantiresonancén (c) to a resonance.
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sider a quantumwell with a single localizedlevel. Let this

level be coupledto continuumstatesboth aboveand below
as shownin Fig. 1(b). An electronincident from the con-

tinuum stateson the top canbe transmittedo the continuum
statesbelowonly via thelocalizedstate.lt is well knownthat
thetransmissiorprobability throughsucha structureexhibits
a resonancehat correspondgo the localized state.In con-

trastto this example a localizedstatecanalsointeractwith a

continuumas shownin Fig. 1(c). The primary differenceof

electrontransmissionpathsin this casewhen comparedto

the double barrier structurein Fig. 1(b) is that an electron
incidentin the substratecanbe transmittedto the continuum
statesof the nanotubevia pathsthat do not usethe localized
state(in a perturbativesensg in additionto pathsthat use
the localized state. Similar transmissionpaths exist in the

context of scatteringof light from molecules;? electron
transportthroughquantumwires with stubs?! and tunneling
througha heterostructurdarrier’® In thesecases)ocalized
statesplay animportantrole in determiningthe transmission
probability aroundthe localizedenergylevel. In particular,
the transmissiorprobability exhibitsan antiresonanceueto

the localizedenergylevel.

An isolatednanotubewith a polyhedralcaphaslocalized
statesin the capthatdecayinto the nanotubé. Electronscan
be transmittedfrom the substrateto the nanotubeby paths
thatboth do anddo not usethe localizedlevel. We showthat
thetransmissiorprobabilityin this casehasanantiresonance
correspondingdo the energyof the localizedlevel. This pic-
ture changedrasticallyif thereare defectsin the nanotube.
Defectsin the nanotubeas shown pictorially in Fig. 1(d)
opennew transmissiorpaths,which causeresonances in the
transmissiorprobability closeto the localizedenergylevels.

We focus on the truly metallic armchair tubes, which
show promise as quantumwires and for nanotube-based
probesinvolving a tunnel current. The fivefold symmetric
polyhedralcapwith one pentagorat the cap centerandfive
pentagongplacedsymmetricallyalongthe edgeof a (10,10
nanotubas consideredFig. 2). Theoutline of the paperis as
follows. In Sec.ll, we describethe methodusedto calculate
the transmissiorprobability anddensityof statesIn Sec.lll,
we study the relationshipbetweenthe LDOS and electron
transmissiorprobability by addressinghe following issues:
(i) the relationshipbetweenLDOS and transmissionprob-
ability throughcapatoms,(ii) the effect of the localizeden-
ergy levelsin the cap (Sec.lll A), (iii) a simple one dimen-
sionalmodelto understandhe essentiafeatureof Secslll A
andlll C (Sec.lll B), and(iv) the effectof defectson tunnel
current/transmissioprobability (Sec.lll C). Conclusionsof
this study are summarizedn Sec.IV.

Il. METHOD

In this section,we outline the formalism usedand also
discussthe assumptionsnadein our study.The combination
of CNT andsubstratecanbe conceptuallydivided into three
regions:substratgS), sectionof CNT including the cap (D)
and a semi-infinite CNT region (L) as shownin Fig. 1(a).
The advantageof this procedureis that the influenceof the
semi-infiniteregionL andthe substratecan be includedex-
actly as a selfenergyto the [ E— H] matrix with dimension
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FIG. 2. (10,10 carbonnanotubewith a polyhedralcap. The
dashedinesconnectequivalentsitesof the capandnanotuben this
two dimensionalrepresentationThe dashedbox showsa Stone-
Walesdefect.

equalto the numberof atomsin D (H is the Hamiltonianof
D).1* This procedureis not sensitiveto the exactlocation of
the interfacebetweenL andD whenchargeself-consistency
is neglectedWe typically takeregionD to consistof five to
a hundredunit cells of an armchairtube,andthe resultsare
not sensitiveto the exact numberas long as the retarded
Green'sfunction of regionL (seeg; below) is calculated
accuratelyThe transmissiorand LDOS are calculatedusing
the methodin Ref. 15. The retardedGreen’sfunction G' is
obtainedby solving

[E-H-X1(E)~2g(BE)]G'(E)=I, D

where H is the sub-Hamiltonian of region D. X} (E)
=Vp, 8| (E)V,p is the selfenergydue to the semi-infinite
region L that is folded into the Hamiltonian of region D.
VpL (Vip) isthetermin the full Hamiltonianrepresenting
the interactionbetweenD (L) andL (D), andg, is the re-
tarded Green’s function of region L that is calculatedby
assumingL to be isolatedfrom D andS. The only termsof
g thatenterthe calculationof 3| (E) correspondso lattice
sitesin L thatareconnectedo D. Thatis, only the surface
Green'sfunctionof L is required® 3¢ is the self energydue
to the substrateln this paperwe assume.§ to beanenergy-
independentparameterthat representoupling betweenS
and only one atom in the cap. This assumptionis usually
valid over small energy rangesthat are away from sharp
featuresin the substratedensityof states.

The single particle LDOS at sitei [ N;(E) ] andtransmis-
sion probability [ T(E) ] at energyE are obtainedby solving
Eqg. (1) for the diagonal elementGj; and the corner off-
diagonal submatrixof G" whoserow and column indices
correspondo atomsin D that coupleL andsS, respectively:
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1
Ni(E)=~ ~Im[G}(E)] @

T(E)=TracgI' G'T sG?]. (3

I'y andTI'g are the coupling ratesof D to the semi-infinite
nanotube L and substrate S, respectively. T’y
=27Vp_pr(E)Vip, where py(E)=—(1/m)Im[g(E)] is
the surfacedensityof statesof L (Im extractsthe imaginary
pard andlg=—2 Im[3§].

For tubes with defects, we considerthe Stone-Wales
modelthat createstwo pentagon-heptagopairsin the hex-
agonalnetwork (seedashedbox in Fig. 1).2617 Finally, the
numericalcalculationsusethe singleorbital real-spacdight-
binding representatiomf the CNT Hamiltonian’

H=-b2 cle;+e.c,
1#J

(4)

whereeachcarbonatomhasa hoppingparameteib with its
three near neighbors,and ¢; (ciT) is the annihilation (cre-
ation) operatorat atomicsitei. Thevalueof b is choserto be
3.1leV.

Ill. RESULTS AND DISCUSSION

The main issuesaddressedn this sectionare: (i) the re-
lationship between LDOS and transmission probability
through cap atomsin a defectfree CNT, (ii) the effect of
localizedenergylevels on the transmissiorprobability (Sec.
Il A), (iii) a simple one dimensionalmodel to understand
theessentiafeaturesf SecsllIl A andlll C (Sec.lll B) and,
(iv) the effectof defectson tunnelcurrent/transmissioprob-
ability (Sec.lll C). We only considemweakcouplingbetween
the nanotubeand substrateS. The couplingstrength(25) is
definedto beweakif it is smallerthanthe valuebetweenwo
nearneighborcarbonatomsalongthe lengthof the nanotube
(diagonalelementsof 3[).

A. Antiresonances in transmission probability

We first addressssues(i) and (ii) involving defectfree
capsby studyingtherelationshipbetweernthe LDOS at atom
i in the cap and the transmissiorprobability from the sub-
strateto the semi-infinite CNT via atomi. An isolatedpoly-
hedral cap has localized levels (no broadening® Figure 3
showsthe effect of coupling of the capto the substrateln
the calculationspneatomin the capcouplesto the substrate
(aslabeledin Fig. 3). Coupling of the cap to the substrate
causesybridizationwith the substratecontinuumstates As
aresultof hybridization,thelocalizedstateshecomequasilo-
calized,asrepresentedby the broadenedesonancei Fig.
3. In the energyrange consideredthere are two localized
states,one around0.25 eV and the other around —1.5 eV.
The value of 2 g=—il'¢/2=—12.5 meV for all curvesin
Fig. 3.

The LDOS variessignificantly with atomiclocation. The
LDOS at apex atom 1 is almost an order of magnitude
smallerthanthe LDOS at atom4, which is locatedat the cap
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FIG. 3. TheLDOS at four differentcapatomsversusenergyfor
ananotubewithout defectsin contactwith the substrateThe LDOS
is plotted at the cap atom making contactto the substratejn the
caseof a defect-freenanotubgFig. 1(c)]. The resonantpeakscor-
respondto localizedenergylevels. The four curvescorrespondo
theindexedcapatomsin Fig. 2. Thelegend“average” corresponds
to the LDOS averagedover all cap atomswhen atom 4 makes
contactto the substrateS ¢=—12.5 meV (I'g=25 meV) for the
four cases.

edge.The LDOS of atoms2 and3, which lie in between(see
Fig. 2), andthe DOS averagedover all cap atomsare also
shownfor comparison.The transmissiorprobability versus
energyfor the casescorrespondingo Fig. 3 are shownin
Fig. 4. The strengthof couplingin Fig. 4 is the sameasin
Fig. 3. The transmissionprobability follows the LDOS at
most energiesin that the magnitudeis proportionalto the
LDOS asis seenby comparingFigs. 3 and 4. Thereis a
major difference at the resonantenergy, where the LDOS
peaks corresponds to transmission zeroes. The transmission
antiresonancearisefrom hybridizationof localizedandcon-
tinuum statesvia coupling to the substrateas represented
pictorially in Fig. 1(c). Statesin the CNT cap compriseof
localized (¢;) and continuum (¢.) statesthat are not
coupledto eachotherin an isolatedcap. Bringing the sub-
stratein closeproximity to
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FIG. 4. The transmissiorprobability versusenergycorrespond-
ing to Fig. 3. The antiresonancesccur at the sameenergyasthe
LDOS resonance Fig. 3. The insetshowsan expandedriew of
the antiresonances.
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FIG. 5. The width of the antiresonancéncreaseswith increase
in the strengthof couplingT" g but the minimum s zero. The dotted
and dashedcurvesare scaledby 25 and 5 times of the computed
transmissiorprobability respectively.In thesecalculationsatom 4
makes contact to the substratewith a coupling strength 2 5=
—iI'g/2, wherethe valuesof I'g aregivenin the figure legend.

the capcouples¢; and ¢, to the substratestates( ¢¢). As a
result, electronshave many pathsto be transmittedfrom ¢,
to ¢, : (i) directly from ¢pg— ., (i) pg— dy— ds— ¢ and
(ii ) higherorderrepresentationsf (ii). Theinterferencebe-
tweenthesepathsgivesrise to the transmissiorzeroesat the
resonantnergieginsetof Fig. 4). The numericalcalculation
in this subsections complementedby a simplified analytical
modelin Sec.lll B to demonstratéhe physicsmoreclearly.

Whenthe strengthof coupling betweenthe cap and sub-
strate increases,the antiresonancesecomesmore pro-
nounced.That is, the minimum is still zero but the width
increasesith increasen couplingstrengthl's. To demon-
stratethis, atom 4 is assumedo make contactto the sub-
stratewith couplingstrengthsasgiven by the legendof Fig.
5. Therealpartof 3.5 hasbeenassumedo be zeroin Figs.3,
4, and5. The primary effectof includinga nonzeroreal part
of 3§ is to makethe transmissiorversusenergymore asym-
metric. The position of the antiresonancéoweverremains
unchanged.

B. Simple one dimensional model

In this section, we presenta simple one dimensional
model of transportfrom a tip that hasa localizedstateto a
substratemuch like in Fig. 1(a). The expressiorfor trans-
missioncoefficientis obtainedanalyticallyandaidsin under-
standingthe numericalresultsof Secslll A andlll C,which
considera nanotube We now define the model. The con-
tinuum statesof the tip are modeledas a one-dimensional
semi-infinite chain with on-site energy e, and hopping pa-
rameterb, (Fig. 6). Theenergyspectrunof sucha chainhas

[E-a—tigy(E)

G'(E)=D"
t!c+tcst!sg;(E)
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FIG. 6. A one-dimensionamodeldescribingtunnelingbetween
atip with alocalizedenergylevel ¢, anda substrateThe localized
level is shownseparatedrom the atom at the edgeof the tip for
clarity.

a bandwidth equalto 4b, andthereareno localizedstatesn
this bandwidth. The localizedlevel at the tip is modeledas
a statewith energye, thatlies spatiallyat the edgeof thetip
andenergeticallywithin the continuumof the tip states.The
localizedstatehybridizeswith the continuumstatesof thetip
atthe edgeatomandthis is modeledby a hoppingparameter
t,.. Thelocalizedstate(t,.=0) of an isolatedtip becomes
quasilocalizedvhent,.#0. The substrataés alsomodeledas
a one-dimensionasemi-infinite chain with on-site potential
€s and hoppingparametei. The substratestateshybridize
with the continuumandlocalizedstatesof thetip only at the
tip-edge,and theseare modeledby hopping parameterg.
andt, respectively.The subscriptd, e, and s represento-
calized,continuum,and substratestates respectively.

Following the methoddescribedin Sec.ll, the retarded
Green'sfunction of the continuumandlocalizedstatesat the
edgeof thetip are,

t!c+ tcstlsg;( E)

, (5)
E— e, —t2gL(E)—b2gL(E)
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FIG. 7. (@) Transmissionprobability versusenergy when t),
=0 showsan antiresonancgb) Whent,.# 0, the antiresonancin
(a) disappearsaroundthe localizedenergylevel and the transmis-
sion probability hasa resonanceThe width of this resonancele-
creasesst;. decreases.

where,D is the determinantof the matrix in the bracketof
Eqg. (5). The (1,1) and (2,2 componentsof G'(E) corre-
spondto the continuumandlocalizedstatesespectivelyand
the off-diagonalterm correspondso the correlationbetween
the continuum and localized states. The surface Green’s
function of the substrateand tip chains are given by, g
=[E— ¢~ \(E—¢)?—4b%]/2b?, wherei e c,s.

The transmissioramplitudeof an electronfrom the sub-
strateto the nanotubes,**

t(E) =[2mpe(E)]"*DG 1y ENtesl 27mp(E) ]2
+[2mpe(E) Vb Gl E)ti 2mps(E)]Y2, (6)

where,G’; and G’ arethe (1,1) and (1,2) elementsof the
Green's function matrix (Eq. 5), and p;(E)=
(—1/m)Im[g{(E)], wherei e s,c is the surfacedensity of
statesThefirst term of Eq. (6) representshe pathwherean
electronincidentin the tip is transmittecto the substratevia
the modified continuumstatesat the edgeatom of the tip.
The modificationof the continuumstatesare dueto interac-
tion with the localized state and the substratestates.The
secondeerm of Eq. (6) representshe pathwherean electron
incidentin the tip is transmittedto the substratevia the lo-
calizedstatein the edgeatom. G} ,(E) representshe corre-
lation betweerthe continuumandlocalizedlevelsattheedge
atom of the tip when the tip is connectedto the substrate.
The transmissiorprobability (|t(E)|?) thenconsistsof inter-
ferencebetweenpathsthat do and do not usethe localized
state.

From Egs. (5) and (6), the following three observations
canbe made:(i) The transmissiorcoefficientis zerowhen,

trs

tes

E=e—1) (™
As mentionedin the beginningof this section,the caseof a
localizedstatecorrespondso t,.=0. Then,the transmission
antiresonancés at the energyof the localized statee;. An
exampleis shownin Fig. 7(a), wherethe parametersreb,
=b;=1 eV, t,;=t.,,=0.04 eV, €,=€,=0 eV, and ¢
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FIG. 8. (a) Transmissionprobability versusenergyin the ab-
senceof adefect.(b) Transmissiorprobabilityversusenergyfor the
samestructurein (a) but with a defectlocatedat L, . The strong
resonancecausedby an appropriatelyplaceddefectis capableof
carrying large current.In thesecalculationsthe coupling strength
between atom 1 and the substrateis assumedto be =
—25 meV (I's=50 meV).

=0.245 eV. (ii) From Eq. (7), it is clearthat the transmis-
sion probability hasa zero in the presenceof defectsthat
causehybridization betweenthe localized and continuum
states(t,.#0) evenwhenthe tip doesnot make contactto
the substrateThe locationof the transmissiorzerohashow-
evermovedaway from the localizedenergyby —t,.t)s/t.s.
(i) A transmissionresonanceresults when the localized
level hybridizeswith the continuum statesin the tip (t.
#0). More specifically, when the hopping parameters
tes, tys andty. aremuchsmallerthanb, andbg, the trans-
missionprobability hasa resonanceat an energycloseto the
localizedenergylevel € [Fig. 7(b)]. The preciselocation of
the resonancalependwn the valuesof the hoppingparam-
eters.The width of the resonancéncreaseaith increasen
t)c [Fig. 7(b)], a featurethat is observedin the caseof the
nanotubealsois discussedn the following subsectionEx-
ceptfor t;., the parametersisedin Fig. 7(b) arethe sameas
in Fig. 7(a).

C. Influence of defects

We now considerthe changego the antiresonanceicture
discussedn Sec.lll A dueto defectsin the nanotubeThe
resultsfor two differentlocationsof a defectalongthelength
of the nanotubeand atom 1 making contactto the substrate
with couplingstrength ¢= —iT'¢/2= — 25 meV areshown
in Fig. 8. While the defect consideredhere is the Stone-
Walesdefect(seedashedoxin Fig. 1), we havealsocarried
out similar calculationsfor defectmodelsthatinvolve a ran-
dom changein the on-site potentialand hopping parameter
of carbonatomslocatednearthe cap. The main conclusion
of thesecalculationsis that the resultsof this sectiondo not
qualitativelydependon the exactdefectmodelaslong asthe
defecthybridizesthe localized and continuumstatesof the
nanotube.

Scatteringdue to the defectopensup more channelsfor
hybridizationof thelocalizedstate.As a result,the LDOS of
the capwill show broadenedesonancesimilar to thosein
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Fig. 3. The transmissionprobability changessignificantly
aroundthelocalizedenergylevelsin comparisorto Fig. 4, as
shownin Fig. 8. Thesharptransmissiorantiresonancest the
localized energyhas disappearednd insteadthe transmis-
sion probability hasresonancearoundthe energyof the lo-
calized state. This is becausethe defect locally mediates
mixing/hybridizationof localizedandcontinuumstatesAs a
result,thelocalizedstatesarecoupledto continuumstatesby
two scatteringcenters:the defectin the nanotubeand the
interactionwith the substrateThis leadsto additionaltrans-
mission pathsthat are similar in spirit to pathsin a double
barrier resonanttunneling structurein Fig. 1(b), wherethe
two scatteringcentersare the barriers. The simple model
discussedn Sec.lll B also demonstrateshis point [Fig. 7
anddiscussiorof (iii) at the endof Sec.lll B].

The resonancewidth of the transmissionprobability is
determinedy two contributions.Thefirst contributionis the
hybridizationdue to the substrateand the secondcontribu-
tion is the hybridizationdue to the defect. The secondcon-
tribution dependson |(¢c|Hgerext| Pr)l, Where Hyefeer iS
Hamiltonianof the defect.Figure 8 showsthe transmission
probability for two different distancef the defectfrom the
cap (Lp). Lp equalto 7 and 15 are in units of the one-
dimensionalnit-cell lengthof armchairtubes.The mainfea-
ture is that the width becomessmaller as distanceof the
defectfrom the capincreasesThis trend canbe understood
from the factthat| ¢, |? (or the densityof statesof the local-
ized statg decayswith distanceaway from the cap. As a
result, the strengthof hybridizationbetweencontinuumand
localized states in the cap arising due to the defect
[[{pc|Hgefect |1 )|] decreaseasdistanceof the defectfrom
the cap apexincreases.This correspondgo t,. becoming
smallerin the modeldiscussedn Sec.lll B [seediscussion
of (iii) at the endof Sec.lll B].
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IV. CONCLUSIONS

We studied phase coherent transport through carbon
nanotubetips in proximity to a substrateAn armchairtube
with a polyhedralcap has localized statesthat decay with
distanceaway from the cap. We find that theselocalized
statesplay an importantrole in determiningthe featuresof
the electrontransmissionprobability from the substrateto
the nanotube.The transmissionprobability correspondgi-
rectly to the LDOS at energiesaway from the localizeden-
ergy levels. Close to the localized energylevel, while the
LDOS exhibitsa resonancethe transmissiormprobability ex-
hibits anantiresonanceéDefectsin thetubealterthe antireso-
nanceby providing additional defect-assiste&¢hannelsfor
transportinto the continuumstatesof the CNT. As a result,
the transmissiorprobability hasa resonanceloseto the lo-
calized energy levels, instead of an antiresonanceThese
resonanceare capableof carryinga largeamountof current
comparedto other energies,and so are relevantto experi-
ments that measure the tunnel current using carbon
nanotube-basetips. The current carrying capacity of the
resonancedependson two parameters:ithe hybridization
strengthsof the localized state due to interactionwith the
substrateand defectassistednteractionwith the continuum
statesof the nanotube.Since the density of statesof the
localized levels decaywith distanceinto the nanotubethe
hybridization strengthdue to defectassistedscatteringde-
creasesThe currentcarryingcapacityof the resonancethen
decreasewith increasdn the distanceof the defectfrom the
cap.
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